Background: In the general population, low serum magnesium levels are associated with poor outcomes and death. While limited data suggest that low baseline magnesium levels may be associated with higher mortality in hemodialysis (HD) patients, the impact of changes in magnesium levels over time is unknown.
M agnesium is the second most abundant intracellular cation in the body, and it is essential for the regulation of various enzymatic and cellular functions. Magnesium homeostasis is tightly regulated in the body, and in patients with preserved kidney function, normal magnesium levels are maintained by renal reabsorption and excretion. 1, 2 In contrast, in dialysis patients, serum magnesium levels are largely dependent on dietary intake and dialysate magnesium concentrations.
In the general population, low serum magnesium levels have been associated with higher risk of type 2 diabetes mellitus, 3, 4 hypertension, 5-7 cardiac arrhythmia, 8 cardiovascular disease (CVD), and mortality. [9] [10] [11] [12] [13] Recent data show that hypomagnesemia may be a risk factor for the development of chronic kidney disease, including end-stage renal disease (ESRD). [14] [15] [16] [17] In patients with ESRD receiving hemodialysis (HD), limited data suggest that hypomagnesemia is associated with increased all-cause and cardiovascular mortality. 18, 19 However, these studies were limited by short follow-up times and failure to account for changes in magnesium levels over time. Moreover, these studies were conducted outside the United States and thus may not be generalizable to the US dialysis population given the varying dialysate magnesium concentrations used in different countries. Therefore, we conducted what to our knowledge is the first observational study investigating the association between serum magnesium level and all-cause mortality in a large US cohort of maintenance HD patients. We hypothesized that lower serum magnesium levels are associated with higher death risk.
METHODS

Study Cohort
This was a retrospective study of patients with ESRD who were initiated on maintenance HD treatment in one of the outpatient dialysis facilities of a large US dialysis organization and were followed up over a period of 5 years (January 2007 to December 2011). 20 Patients were included provided that they were 18 years or older, underwent in-center HD for at least 60 days, and had serum magnesium measured at least once during their first 91-day period of HD. The study was approved by the University of California Irvine and DaVita Clinical Research.
Demographic and Clinical Measures
Age was estimated by using date of birth and date of study entry (date of dialysis therapy initiation). Body mass index was calculated at baseline from post-HD dry body weight in kilograms divided by height in meters squared. Race and ethnicity determinations were based on self-report and included the following: white, African American, Hispanic, Asian, and other. The following 9 comorbid conditions (ascertained from International Classification of Diseases, Ninth Revision codes) were considered: diabetes mellitus, hypertension, atherosclerotic disease, congestive heart failure, cerebrovascular disease, dyslipidemia, chronic obstructive pulmonary disease, liver disease, and malignancy.
Magnesium and Other Laboratory Values
Blood samples were drawn using standardized techniques in all dialysis clinics and were transported within 24 hours to a single laboratory center (DaVita Laboratory, Deland, FL), where the laboratory values were measured by automated and standardized methods. All blood samples were collected predialysis except for postdialysis serum urea nitrogen (SUN) for calculation of urea kinetics. Most laboratory values were measured monthly, including serum potassium, bicarbonate, SUN, calcium, phosphorus, albumin, alkaline phosphatase (ALP), normalized protein catabolic rate (nPCR), and white blood cells. Serum intact parathyroid hormone (iPTH) and ferritin were measured at least quarterly. Hemoglobin was measured weekly to biweekly in most patients. Delivered dialysis dose was estimated by single-pool Kt/V using the urea kinetic model.
All patients included in the study had serum magnesium measurements within the first 91 days of study entry (baseline quarter). The subsequent serum magnesium level was checked frequently, but not routinely. To minimize measurement variability, all repeat measurements for each 91-day interval from date of dialysis therapy initiation were averaged and used in all models. For iPTH, ALP, and ferritin, the distributions were skewed; thus, they were logarithmically transformed in the adjusted models. The exposure of interest was time-varying serum magnesium level. Serum magnesium levels per each patient quarter (91-day interval) were divided into 5 groups (,1.8, 1.8-,2.0, 2.0-,2.2, 2.2-,2.4, and $2.4 mg/dL). Serum magnesium category cutoffs were chosen according to a normal reference range of 1.8 to 2.4 mg/dL and a 0.2-mg/dL incremental change within this reference range. Timevarying serum magnesium measurements would account for changes in the exposure over time and allow for estimation of short-term exposure-mortality associations.
Outcome Ascertainment
The study outcome of interest was all-cause mortality, and patients were followed up over a 5-year period (January 2007 to December 2011) from initiation of HD therapy. Patients were censored for loss to follow-up, discontinuation of dialysis therapy, kidney transplantation, or transfer to a nonaffiliated dialysis clinic.
Statistical Methods
Patients' baseline demographics, clinical characteristics, and laboratory values across serum magnesium categories were summarized as proportion, mean 6 standard deviation, or median with interquartile range (IQR) as dictated by data type and were compared using c 2 test or analysis of variance for parametric variables (or Kruskal-Wallis test for nonparametric variables). Correlations between baseline continuous magnesium levels and other covariates were examined by Pearson correlation.
Associations between 5 levels of time-varying serum magnesium levels and mortality risk were determined using time-varying Cox proportional hazards regression models, which included repeat and time-updated measurements of covariates that were averaged over each 91-day interval from patients' date of dialysis therapy initiation. Time-varying models allow for the change in exposure and covariates and their association with the outcome over time in order to ascertain short-term exposure-mortality associations. 21 Time-varying serum magnesium-mortality associations were examined with unadjusted models and with 2 levels of multivariable adjustment: (1) case-mix models, which adjusted for baseline characteristics of age; sex; race/ethnicity (white, African American, Hispanic, Asian, or other); comorbid conditions, including diabetes mellitus, hypertension, and history of cancer; and dialysis dose as indicated by single-pool Kt/V; and (2) casemix plus malnutrition-inflammation-cachexia syndrome (MICS) models, which included all covariates in the case-mix model plus baseline body mass index and 11 time-updated laboratory variables that bear associations with clinical outcomes in HD patients: serum albumin, potassium, ALP, predialysis SUN, nPCR, albumin-adjusted calcium, phosphorus, iPTH, hemoglobin, white blood cells, and ferritin. For sensitivity analyses, the association between time-varying serum magnesium level as a continuous variable and mortality was examined using nonparametric restricted cubic splines with best estimated knots defined at the 25th, 50th, and 75th percentiles of observed values (1.8, 2.05, and 2.3 mg/dL).
We also conducted magnesium-mortality association analyses across a priori defined subgroups to investigate potential effect modification by sociodemographics, comorbid conditions, and laboratory values. In addition, we examined the relationship between serum magnesium and albumin levels over time using linear mixed regression models with unstructured variance to account for intrasubject correlations in repeat measurements. Associations of combined time-varying magnesium and albumin levels and mortality were then examined, for which patients were divided into 4 (2 3 2) groups according to time-updated serum magnesium (,2.0 vs $2.0 mg/dL) and albumin levels (,3.5 vs $3.5 g/dL).
For patients with data for serum magnesium at baseline but missing for subsequent follow-up periods, the last available magnesium level was assumed to be unchanged until the next measurement or occurrence of the event (death or censor). Missing quarterly laboratory values (,0.5% for all tests except nPCR, for which 3.8% were missing) were otherwise imputed by population means or medians of the existing values in the same patient quarter in multivariable models. All analyses were implemented using SAS, version 9.3 (SAS Institute Inc), and Stata, version 10.1 (Stata Corp LP).
RESULTS
Study Cohort Description
A total of 208,820 patients with ESRD who initiated dialysis therapy during January 2007 to December 2011 within one of the outpatient facilities of a large dialysis organization were identified. After excluding patients who received treatment for fewer than 60 days or those who underwent a dialysis modality other than thrice-weekly in-center HD at study entry, there were 112,017 remaining patients (Fig 1) . Of these patients, 9,359 who had serum magnesium measured during the first 91-day period following initiation of dialysis therapy formed the final study cohort (Fig 1) . Mean serum magnesium level of the cohort was 2.1 6 0.4 (standard deviation) mg/dL, and median concentration was 2.1 (IQR, 1.8-2.3) mg/dL. Baseline clinical characteristics of these patients stratified according to 5 baseline serum magnesium categories are presented in Table 1 . Patients with lower serum magnesium levels tended to be older and white; were more likely to have had prior malignancy but less likely to have had diabetes; had lower hemoglobin, serum albumin, nPCR, SUN, potassium, adjusted calcium, and phosphorus levels; and had higher ferritin and ALP levels. Serum magnesium level positively correlated with nutritional marker values, including albumin, SUN, and nPCR (Pearson correlation coefficients of 0.21, 0.27, and 0.21, respectively; P , 0.001 for all). However, correlations of serum magnesium levels with dialysis dose (ie, single-pool Kt/V) and iPTH level were weak and nonsignificant (Pearson correlation coefficients of 20.01 [P 5 0.2] and 0.01 [P 5 0.4], respectively).
Serum Magnesium Levels and All-Cause Mortality
During follow-up, 2,636 deaths occurred over a mean follow-up of 19 6 15 (range, 2.0-59.9) months. To account for changes in serum magnesium levels over time and examine short-term serum magnesiummortality associations, serum magnesium level and allcause mortality associations were examined using time-varying Cox survival models, as shown in Fig 2. In unadjusted time-varying models, with the reference group as magnesium levels of 2.2 to ,2.4 mg/dL, serum magnesium levels , 2.0 mg/dL were significantly associated with increased risk for death: hazard ratios (HRs) of 1.63 (95% confidence interval [CI], 1.44-1.85; P , 0.001) and 1.30 (95% CI, 1.15-1.47; P , 0.001), for magnesium levels ,1.8 and 1.8 to ,2.0 mg/dL, respectively. These associations were somewhat attenuated after case-mix adjustment but remained statistically significant: adjusted HRs were 1.39 (95% CI, 1.23-1.58; P , 0.001) and 1.20 (95% CI, 1.06-1.36; P 5 0.004) for magnesium levels , 1.8 and 1.8 to ,2.2 mg/dL, respectively. However, these associations were further attenuated to the null after additional adjustment for case-mix and MICS covariates, particularly serum albumin level.
Within these case-mix and MICS-adjusted models examining the association of serum magnesium level and mortality risk, higher serum albumin level had a strong association with improved survival. For every 1-g/dL increase in time-varying serum albumin levels, there was a 62% decreased risk of mortality (adjusted HR, 0.38; 95% CI, 0.35-0.42; P , 0.001). In associations examining time-varying continuous serum magnesium levels with all-cause mortality using nonparametric restricted cubic splines, we observed that both lower and higher serum magnesium levels exhibited a trend toward increased mortality risk, although high magnesium levels . 3 mg/dL were not statistically significant due to a small sample size (Fig S1, available as online supplementary material).
In case-mix-adjusted subgroup analyses (Table S1 ; Fig S2) , we observed a consistent association between lower serum magnesium level and higher mortality across most subgroups, except in patients with high serum albumin levels.
Relationship Between Serum Magnesium and Albumin
Baseline serum magnesium and albumin levels were positively correlated in unadjusted Pearson correlation analysis. In addition, for every 1-g/dL higher albumin level, there was about a 0.2-mg/dL higher serum magnesium level (P , 0.001) after accounting for intrasubject correlations in repeat measurements over time. The association between serum magnesium level and mortality differed by serum albumin levels as evidenced by the subgroup analyses. The interaction between time-varying serum magnesium and serum albumin levels was close to statistical significance (P 5 0.07) in the case-mixand MICS-adjusted model. When examining associations of timevarying combined serum magnesium and serum albumin levels with mortality, compared with patients with low albumin (,3.5 g/dL) and high magnesium levels ($2.0 mg/dL) as reference, patients with high albumin levels ($3.5 g/dL) had lower mortality irrespective of magnesium levels in case-mixand MICS-adjusted models: adjusted HRs of 0.53 (95% CI, 0.46-0.60; P , 0.001) and 0.53 (95% CI, 0.47-0.58; P , 0.001) for patients with high albumin/low magnesium and high albumin/high magnesium levels, respectively ( Table 2 ; Fig 3) . However, compared to the reference group comprised of patients with low albumin and high magnesium levels, membership in the low albumin and low magnesium group was associated with an additional 17% higher risk of mortality in case-mixand MICS-adjusted models: adjusted HR, 1.17 (95% CI, 1.05-1.30; P 5 0.004).
DISCUSSION
In this study, we found that lower serum magnesium levels were significantly associated with increased all-cause mortality in maintenance HD patients independent of sociodemographics and comorbid conditions using a time-varying model. However, we observed that the association was attenuated to the null when incrementally adjusted for inflammatory marker levels, especially with serum albumin. The association between time-varying serum magnesium levels and mortality was modified by time-varying serum albumin levels. Among hypoalbuminemic HD patients, hypomagnesemia contributed to an additional higher mortality risk.
To our knowledge, our study is the first to examine the relationship between time-varying serum magnesium levels and mortality in a large maintenance HD cohort in the United States over an extended followup. Our findings are consistent with previous studies of Japanese HD patients by Ishimura et al 18 Magnesium is an essential cation for vital cellular functions in the body. Under normal conditions, w1% of total-body magnesium is found in extracellular fluid. In the general population, magnesium homeostasis is dependent on the balance between dietary intake and kidney reabsorption and excretion by the renal tubules, particularly in the thick ascending limb of the loop of Henle and distal nephrons. 1, 2, 22 Serum magnesium levels are tightly regulated, with a narrow normal range of 1.8 to 2.4 mg/dL. In anuric dialysis patients, there is loss of renal regulation of magnesium homeostasis, and magnesium levels are largely dependent on dietary intake and dialysate magnesium concentrations. In Japan and the United States, dialysate magnesium concentrations of 1.0 and 0.5 mEq/L, respectively, are typically used. Consequently, mean serum magnesium levels in the mentioned Japanese HD studies were much higher than in our cohort (2.77 6 0.33 18 and 2.61 6 0.52 19 vs 2.07 6 0.36 mg/dL).
Despite their impaired capacity for magnesium renal excretion, low serum magnesium levels have commonly been reported in patients receiving HD or peritoneal dialysis. [23] [24] [25] Hypomagnesemia in this context has been attributed to decreased dietary intake, 26 protein-energy wasting, 18, 19, 27 and increased use of proton pump inhibitors. 21 In the present study, patients with lower serum magnesium levels at baseline had a much higher prevalence of malnutrition as assessed by protein-energy wasting markers, including lower serum albumin, SUN, and nPCR values. Malnutrition is common among dialysis patients. 28 Low serum albumin level, which was attributed to low protein intake and a high state of inflammation, 29 is one of the strongest predictors of all-cause and CVD mortality in dialysis patients. [30] [31] [32] In our study, serum albumin level was a dominant independent predictor of mortality after fully adjusting for all available potential comorbid and sociodemographic confounders (P , 0.001). After adjusting for serum albumin level, associations between magnesium level and mortality were attenuated to the null in case-mixand MICS-adjusted survival models. However, among patients with low albumin levels, we found that low magnesium level was associated with an additional 17% higher death risk compared with those with high serum magnesium levels. These findings suggest that serum albumin level is not only a confounder but also a modifier of the association of serum magnesium level with all-cause mortality, and that additional pathogenic factors beyond protein-energy wasting may account for the link between lower serum magnesium level and death. Hypomagnesemia may be associated with adverse outcomes by several mechanistic pathways. First, magnesium deficiency has been shown to induce endothelial dysfunction and promote atherosclerosis in both in vitro 33 and in vivo studies. 34 Second, low magnesium level promotes vascular calcification and vascular stiffness in studies of both animals 35, 36 and humans, 37, 38 including patients undergoing maintenance dialysis. 39, 40 Third, magnesium possesses anti-inflammatory and antioxidant properties. Lower serum magnesium level is associated with increased inflammation in both nondialyzed 41, 42 and dialyzed individuals. 18, 19 In our study, patients with lower magnesium levels had higher ferritin and lower albumin levels, an indication of increased inflammation. Fourth, magnesium deficiency is associated with insulin resistance and metabolic syndrome, 43, 44 including higher incidences of hypertension and dyslipidemia. 45, 46 Furthermore, data from the general population suggest that magnesium supplementation is associated with a lower incidence of diabetes, 47 better control of diabetes 48 and hypertension, 6 and less inflammation and endothelial dysfunction. 49, 50 In dialysis patients, long-term magnesium supplementation has been reported to reduce carotid intima-medial thickness. 40 However, further studies are needed to examine whether correction of hypomagnesemia by either oral supplement or higher magnesium concentration in dialysate would reduce the risk for death in patients undergoing maintenance HD, especially those with hypoalbuminemia. In this study, we observed an L-shaped association between serum magnesium levels and mortality, such that mortality risk reached a nadir at serum magnesium level of 2.2 mg/dL. When examined as a continuous variable, we found there was a trend toward higher death risk with levels . 3 mg/dL, although not statistically significant. Prior data suggest that hypermagnesemia may inhibit PTH secretion, leading to low bone turnover and vascular calcification 51, 52 as potential risk factors for CVD and death. However, our study did not show a significant correlation between baseline serum magnesium and iPTH levels. Further studies are needed to confirm the association between moderate to severe hypermagnesemia and mortality risk, and to explore underlying mechanisms.
Strengths of our study include a large sample size of more than 9,000 maintenance HD patients, followup for up to 5 years, and serial magnesium measurements that enabled the time-varying survival analysis to account for short-term effects of serum magnesium levels.
There are several limitations to this present study. First, a large proportion of patients was excluded due to lack of serum magnesium measurements, increasing the risk of selection bias. However, a comparison of included versus excluded patients in the cohort showed similarity in baseline characteristics (Table S2) . A comparison of patients receiving one versus more than one magnesium measurement showed that patients who only had a baseline serum magnesium measurement had shorter follow-up and were more likely to have diabetes, congestive heart failure, CVD, and dyslipidemia at baseline (Table S3 ). Second, because there was no information for specific cause of death in this cohort, we could not investigate the association between serum magnesium level and cardiovascular mortality. Third, ionized serum magnesium was not measured in this cohort. Approximately 30% of serum magnesium is bound to protein, primarily albumin, and therefore total measured magnesium levels may be affected by hypoalbuminemia. 53 A currently accepted equation correcting magnesium measurements for hypoalbuminemia has not been established, as it has for calcium. Additional studies that include analysis for ionized magnesium are warranted. Fourth, although we rigorously adjusted for various plausible confounders, given the observational study design, we are unable to determine whether associations were causal.
In conclusion, to our knowledge, this is the first study to examine the association between timevarying serum magnesium levels and mortality risk in a large national maintenance HD cohort. We observed that lower serum magnesium level was significantly associated with increased all-cause mortality when adjusted for comorbid and sociodemographic variables. We also found that there was a differential association between serum magnesium level and mortality across serum albumin levels such that hypomagnesemia had a particularly stronger association with death among patients with low albumin levels. Future studies are needed to determine the mechanisms underlying the association of hypomagnesemia with mortality, as well as the impact of correcting low magnesium levels with magnesium supplementation on survival among hypomagnesemic dialysis patients. Diseases (NIDDK) grants K24-DK091419 (Dr Kalantar-Zadeh) and R01-DK095668 (Drs Kalantar-Zadeh and Mehrotra) and philanthropic grants from Mr Harold Simmons, Mr Louis Chang, Dr Joseph Lee, and AVEO. Dr Rhee is supported by NIDDK grant K23-DK102903.
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